The ν 3 C-H stretching region of methane was reinvestigated in this work using high temperature (620-1715 K) emission spectra recorded in Rennes under Doppler limited resolution. This work follows our recent global analysis of the Dyad system ∆n = ±1 (1000 -1500 cm −1 ), n being the polyad number [B. Amyay et al. J. Chem. Phys., 144, (2016), 24312]. Thanks to the high temperature, new assignments of vibration-rotation methane line positions have been achieved successfully in the Pentad system and some associated hot bands (∆n = ±2) observed in the spectral region 2600-3300 cm −1 . In particular, rotational assignments in the cold band (Pentad−GS) and in the first related hot band (Octad−Dyad) were extended up to J = 30 and 27, respectively. In addition, 1525 new transitions belonging to the Tetradecad−Pentad hot band system were assigned for the first time, up to J = 20. The effective global model used to deal with the new assignments was developed to the 6 th order for the first three polyads (Monad, Dyad and Pentad), and to the 5 th order for both the Octad and the Tetradecad. 1306 effective parameters were fitted with a dimensionless standard deviation σ = 2.64. The root mean square deviations d RM S obtained are 4.18 × 10 −3 cm −1 for the Pentad−GS cold band, 2.48 × 10 −3 cm −1 for the Octad−Dyad, and 1.43 × 10 −3 cm −1 for the Tetradecad−Pentad hot bands, respectively.
Introduction

Methane (
12 CH 4 ) is the simplest and one of the most important organic compound. It is involved in many research domains from fundamental to applied sciences [1, 2, 3] and present in several astrophysical environnements. In the Earth's atmosphere, it contributes from 4 to 9 % to the greenhouse effect with a relatively high lifetime of 8-10 years [4] . About 50% of methane global emissions are produced by human activities such as mining industry, farming and ranching [5] . Methane is a major constituent of the atmospheres of the giant planets such as Jupiter [6, 7] , Saturn [8] , Uranus [9] , Neptune [10] and their main satellites such as Titan [11] and Triton [12] , and the dwarf planet Pluto [13, 14] . It is also produced in the circumstellar envelopes of hot carbon stars, such as IRC+10216 with a relative abundance to H 2 of 3.5 × 10 −6 [15] , and in ultra-cool carbon stars of type T & Y-brown dwarfs [16, 17, 18] where it is believed to play an important role in processes leading to the formation of complex organic molecules [19] . Furthermore, methane is considered to be a signature of biological activity and hence is used to probe the potentially habitable extrasolar planets. It has already been detected in the atmosphere of some giant hot-Jupiter type exoplanets [20, 21, 22] and was shown to dominate the opacity of HD 189733b extrasolar planet in the 3 µm infrared spectral window [23] .
Insert Figure 1 The vibrational energy levels involved in the 3 µm region (2600-3300 cm −1 ), commonly known as the Pentad of methane, are illustrated in Figure 5 . Since the 80's, several studies were devoted to the analysis of both line positions and line intensities in this region (see refs. [24, 25, 26, 27, 28, 29] and references therein). In particular, Hilico et al. [27] modeled the Pentad system with high accuracy (about 10 −3 cm −1 ) using a partly reduced fourth-order Hamiltonian for line positions. Most of these works focus on the study of the Pentad interacting states separately from the other polyads (local approach). A global approach was then adopted by S. Albert et al. [30] and refined by Daumont et al. [31] for both line positions and line intensities of all polyads up to the Octad system from 0 to 4800 cm −1 . In this model, the effective Hamiltonian was developed to the 6 th order for the two lowest polyads and to the 5 th order for the Pentad and Octad polyads. This analysis was then extended by Nikitin et al. [32] to achieve the first detailed analysis in the Tetradecad band system. In these successive studies, the experimental data used were essentially coming from high resolution infrared and Raman spectra at low and room temperature and therefore rotationally limited to J = 20. As a result, such models are adequate to predict spectra at low or moderate temperature for atmospheric and planetary applications. However, they are unable to reproduce high temperature spectra, which are essential to model accurately the opacities of hot astrophysical objects such as brown dwarfs and extrasolar planets, the temperatures of which can exceed by far 1500 K.
The emergence of new experimental techniques such as the High Enthalpy Source (HES), developed by R. Georges and coworkers, coupled to a high-resolution Fourier transform spectrometer (FTS) allows the recording of high temperature emission spectra of polyatomic molecules (C 2 H 2 and CH 4 ) [33, 34, 35] up to about 2000 K. Recently, a new experimental setup coupling the HES to a cw-cavity ring-down spectrometer has been developed by the same group to investigate rotationally cold hot bands of polyatomic molecules in the 1.5-1.7 µm region [36] . Hargreaves et al. developed an original approach to produce emission-corrected FTIR transmittance spectra of hot gases such as methane [37] and ethane [38] . Such high temperature spectra are of great relevance because they bring considerable information on high J-transitions -up to J = 30 -and hot bands originating from highly excited polyads. These latter bands are essential for high temperature opacity calculations.
Infrared databases of methane have been recently updated with information derived from the analysis of high temperature emission spectra of the Dyad system around 1400 cm −1 [35] . Indeed, 14415 vibration-rotation transitions belonging to the cold band and to three hot bands up to the Tetradecad were assigned, allowing significant improvements of the global effective model of methane to be achieved. These new spectroscopic data have been used for updating the MeCaSDa database [39] , available online through our webpage [40] , the Virtual Atomic and Molecular Data Centre (VAMDC) [41, 42] portal [43] and the HITRAN database [44] . However, a complete review of the modifications and new additions to our calculated spectroscopic relational databases will be the subject of a forthcoming paper.
Before extending the global model to the treatment of highly excited polyads beyond the Tetradecad (> 6000 cm −1 ), our database needs to be complemented with high-J transitions. Our methodology is to perform successive global analyses in the main five different spectral regions (Monad, Dyad, Pentad, Octad and Tetradecad) of methane. This was recently done in the Dyad region [35] and extended to the Pentad system in the present work.
The experimental setup used to record hot emission spectra is presented in section 2. Section 3 gives an overview of the theoretical model used for building the effective Hamiltonian and describes the concept of vibration-rotation polyads in detail. Then, in section 4, the global analysis of line positions and results are presented before concluding in section 5.
Experimental setup
Experiment
The gas sample was heated using a High Enthalpy Source, already described in details elsewhere [33] . Resistive heating of the porous graphite rod was achieved by the application of a high electric current (between 20 and 130 A in the present study). The 8-mm inner diameter hollow rod was supplied with a continuous flow of methane (1.5 to 3 l n /min, i.e. normal liter per minute under normal conditions, P = 1 atm, T = 273 K), admixed with a small amount of carbon monoxide (0.1 l n /min) used as a rotational thermometer to determine a posteriori the temperature of the gas. Flows of methane and carbon monoxide were precisely controlled with the use of MKS mass flow controllers. The initially cold incoming gas was heated by migrating radially through the high temperature porous walls of the hollow graphite rod. Continuous flowing conditions ensured a constant renewal of the sample in the furnace tube, which might be otherwise degraded by pyrolysis. The hot gas was evacuated through one end of the tube opening into a chamber maintained 3 at low pressure by a pumping unit. The infrared light emitted by the gas contained in the graphite furnace cavity was collected and focused by two toroidal mirrors onto the entrance port of a high resolution FTS (Bruker IFS 125 HR). The collecting mirrors housing and FTS were both maintained at low pressure to avoid any unwanted atmospheric absorption. A CaF 2 window was used to isolate the collecting mirror housing and the FTS from the vacuum chamber. A water-cooled foil of tantalum was used to shield the CaF 2 window from the hot gas ejected from the HES. A 2-mm aperture was drilled into the foil to allow infrared radiations to reach the collecting mirror while limiting the radiation produced by the graphite walls. A continuous counter flow of dry nitrogen was flushed in the space between the CaF 2 window and the foil of tantalum to prevent any methane penetration into this space, which would lead to an unwanted absorption of the infrared emission produces by the high-temperature gas.
Insert Table 1 The FTS was equipped with a CaF 2 beamsplitter and a liquid nitrogen cooled InSb detector. An appropriate band-pass filter, including both the Pentad region of methane and the 1-0 emission band of CO, was used to increase the signal-to-noise ratio (a low-pass filter was used to record the spectrum at 1404 K). According to the temperature, the instrumental resolution was either set to 0.008, 0.012 or 0.02 cm −1 to match the Doppler broadening of the lines. Taking advantage of the stability of the HES over time, several hundreds of scans could be co-added to increase the signal-to-noise ratio of the recorded spectra. For example, the recording time corresponding to 2000 scans at 0.02 cm −1 resolution is about 15h.
The most intense methane emission lines were compared with those listed in the HITRAN 2008 molecular spectroscopic database [45] , characterized by uncertainties in the range 10 −4 -10 −2 cm −1 . A typical wavenumber shift of 10 −3 cm −1 was found and no calibration was applied to the experimental emission spectra. In addition, there was no inter-calibration of the measured positions in the P 1 − P 0 and P 2 − P 1 (previous work [35] ) and P 2 − P 0 (this work) bands.
Experimental data
Six emission spectra of methane were recorded under different experimental conditions (see Table 1 ). They are displayed in Figure 2 . Temperatures were extracted from a Boltzmann plot of the relative intensities measured in the 1-0 12 C 16 O emission band. The uncertainty on these values results mainly from the self-absorption affecting the strongest emission lines.
Insert Figure 2 The quality of the recorded spectra is highlighted in Figure 3 in a small window between 3146 and 3158 cm −1 . As illustrated by this figure, the spectrum at 1404 K produced the most exploitable spectral data. Indeed, it exhibits the best signal to noise ratio and was recorded at a resolution (0.008 cm −1 ) significantly higher than the Doppler width of methane lines (equal to 0.018 cm −1 at 2700 cm −1 ). This is essential for the assignment procedure, in particular when considering the contribution of the weakest lines originating from the hot bands. The other spectra were used all along the analysis for confirming assignments and comparisons.
The line positions were measured using the "WSpectra" program [46] , considering a Gaussian line profile and including instrumental effects (i.e. the truncation of the interferogram and effects of the finite size of the entrance aperture of the spectrometer). As the spectra were rather dense, the precision of measurement of line positions was significantly affected by line blending. It was determined with the help of the previous global model predictions [35] and comparisons with line positions from the literature [30, 32] . We checked that the well known and strongest lines that are free of overlaps are reproduced within 0.001 cm −1 in the case of the cold band. The value of 0.005 cm −1 was considered for the first hot band (Octad−Dyad) and 0.008 cm −1 for the second hot band (Tetradecad−Pentad). One should mention that the precision of the line positions may drop to about 0.02 cm −1 for blended or weakest lines. Insert Figure 3 3. Theory
The effective Hamiltonian
The theoretical background of effective vibration-rotation Hamiltonian of tetrahedral molecules is detailed in our previous work [35] and will be briefly recalled here. The notations used throughout this paper are defined in this section.
The conventional normal modes of methane ( 12 CH 4 ) are respectively: the ν 1 mode, a nondegenerate symmetric CH stretching vibration with symmetry A 1 , the ν 2 mode, a doubly degenerate CH bending vibration with symmetry E and two triply degenerate modes with symmetry F 2 , the ν 3 being a CH stretching vibration and the ν 4 mode corresponding to a CH bending vibration. Their corresponding frequencies, exhibit an approximate relation between stretching and bending modes (ν 1 ν 3 2ν 2 2ν 4 ) defining the so-called vibrational polyads [47, 48, 49, 50, 51, 52] . Each polyad (P n ), is characterized using the quantum number of polyad n such as:
where v i=1,2,3,and 4 are the vibrational quantum numbers associated to the normal modes of methane.
The polyads P n are numbered with increasing energy starting with P 0 for the Ground State (GS) or Monad, P 1 for the Dyad, P 2 for the Pentad, etc.
The resulting effective Hamiltonian of a given polyad can be written in tensorial form as a linear combination of the vibration-rotation operators such as: are vibration-rotation operators defined as
where β is a numerical factor equal to The coupling scheme used in the STDS software [53] is described in ref. [49] . The vibrational
is generated by recursive coupling of the creation (a + ) and annihilation (a) elementary operators for each normal mode. ε = ±1, is the parity under time reversal. Rotational operators R Ω(K,nΓ) are also built recursively from successive couplings of the elementary tensor R 1(1) = 2J using the method of Moret-Bailly [54, 55] and Zhilinskií [56] . They are symmetrized using the O(3) ⊃ T d orientation matrix defined in ref. [57] and [58] . Ω is the degree in J α operators.
The order of each individual term in Eq. (3) is defined as:
where, Ω and Ω v are the order of rotational and vibrational operators respectively.
The present work being dedicated to the simultaneous analysis of cold and hot bands implying polyads P 0 to P 4 of 12 CH 4 , the following effective Hamiltonian was therefore used:
The number of fitted and non-fitted parameters in each term of equation 5 is detailed in Table  2 according to the order of development.
Insert Table 2 .
The effective dipole moment
The effective electric dipole moment operators are expanded using the same principles as discussed above for energy levels. The laboratory-fixed frame (LFF) components (Θ = X, Y and Z) of the effective dipole moment µ are expressed as [49, 50] :
The 1; m|Θ are Stone coefficients [59] , C (1,F 1 ) is the direction cosines tensor and {i} denotes all the intermediate quantum numbers and symmetries. The µ {i} are the parameters to be fitted using experimental intensity measurements. The untransformed and effective dipole moment operators are linked together through the same transformation that leads to the effective hamiltonian and this transformation is necessarily a sum of rovibrational operators [49] . Thus µ is expanded in terms of vibration-rotation operators
where γ = x, y, z are the molecule-fixed frame (MFF) components, with
In this case, the order of the development is defined as
Although this work is devoted to the global analysis of line positions it is important to mention that the dipole moment parameters in equation (6) should also be updated. This should be done according to the modifications of the effective Hamiltonian parameters. As a matter of fact, the eigenfunctions mixings, on which line intensity strongly depend, are improved each time a new global analysis is achieved.
Global Analysis
Line assignments
The Dijon assignment list of methane is based on several successive global analyses of methane spectra, in particular from the work of Albert et al. [30] up to the Octad and the work of Nikitin et al. [32] up to the Tetradecad. 19747 vibration-rotation transitions were published in this latter study. The assignment list includes data coming from different sources : infrared and Raman spectra of essentially the cold bands up to the Tetradecad and four hot bands : (P 1 − P 1 ) and (P 2 − P 2 ) in the far infrared region, and the (P 2 − P 1 ) and (P 3 − P 1 ) hot bands. A slightly different line list, including 4 additional lines (19751 transitions in total) belonging to the (P 2 − P 0 ), was used as a benchmark for our previous global analysis in the Dyad region at high temperature [35] . The Dijon assignment list was then extended by including transitions published in the literature as follows:
• In the THz region (50 -500 cm −1 ), we included 193 data published by Boudon et al. [60] . They belong to the R branch of the (P 0 − P 0 ) system and its related hot band (P 1 − P 1 ). They cover rotational states up to J = 19 in the case of the cold band and J =14 for the hot band. They are reproduced, in the present work, within 0.143 × 10 −3 cm −1 and 0.180 × 10 −3 cm −1 respectively.
• In the Dyad region (1100 -1500 cm −1 ), we included 39 data published by Hilico et al. [61] . They concern the hot bands (P 2 − P 1 ) and (P 3 − P 2 ) systems. Furthermore, we included 413 data from the analysis of the spectrum published by Bronnikov et al. [62] . These data belong to the Dyad cold and hot bands systems up to the Tetradecad (4ν 4 -3ν 4 ). The most important source of data in this region comes from our previous global analysis of high temperature emission spectra of methane [35] . Indeed, 14415 vibration-rotation transition resulted from this analysis. They concern the Dyad cold band and related hot bands of the type ∆n = ±1 up to the Tetradecad.
Thus, the total number of transitions included is equal to 34811 in the analysis reported in ref. [35] . 1414 duplicate lines originating from different sources were removed from this assignment list, which was used for updating the MeCaSDa calculated database [39] . The resulting assignment list was then considered in the current study, which focuses on the Pentad system and in particular the region of the ν 3 C-H stretching band. This strong band was extensively studied in the literature and thus many data can be found. Before starting the analysis of the high temperature ν 3 emission spectra, we added 150 highly accurate transitions (3 kHz) from sub-Doppler resolution comb-referenced spectroscopy published by Abe et al. [63] . These data, even limited rotationally to J = 14, bring strong additional constraints to the effective model essentially in the Pentad interacting states. Other new highly-accurate measurements, performed by the Dunkerque group [64] and concerning the pure rotation lines, have also been included in our assignment list. Table 3 details the experimental information used in the analysis described in section 4.2, thus including line positions measured and assigned in the present work.
Insert Tab 3
As shown in Table 3 , line positions belonging to the (P 2 − P 0 ), (P 3 − P 1 ) and (P 4 − P 2 ) band systems were measured in this work. They were assigned using the the XTDS & SPVIEW software packages developed in Dijon [65] . Assignments are based on the systematic comparison of the predicted line positions of methane with the observed emission spectrum. According to the thermal population of involved polyads, only three vibration-rotation bands could be observed in the emission spectrum. The most intense one is the ν 3 , cold band, which dominates the spectrum, followed by two related hot bands with relatively low intensity (P 3 − P 1 ) and (P 4 − P 2 ).
As a result of this analysis, the cold band assignment has been extended rotationally to J = 30 compared to J = 22 in the previous global analysis [35] . In addition, new transitions involving rotational states with J ≤ 22 were also successfully assigned. Thus, 1309 line positions belonging to this band were assigned and included in our database. We then identified 3233 vibration-rotation transitions belonging to the Octad−Dyad system i.e. with ∆n = ± 2 using the same procedure. The calculated relative intensity of this hot band compared to the cold band is about 22 % without considering the self absorption effect. As the energy increases, the density of transitions grows rapidly making the assignments very complicated and spectral overlaps become the rule. This justifies the large number of assigned line positions for hot bands. As for the cold band, the range of observed J−levels for this series of hot bands is significantly extended to J = 27. The same statement applies for the next weak hot band (Tetradecad−Pentad). 1525 new transitions belonging to this hot band were assigned up to J = 20.
The global effective Hamiltonian of the Pentad system has been extended from the 5 th to the the 6 th order, as for the lower polyads, to deal with the new assignments in the 3 µm region. Indeed, according to the complexity of vibration-rotation couplings in the Pentad system (Fermi and Coriolis interactions), discrepancies of more than 30 × 10 −3 cm −1 were observed for some assigned lines belonging to the ν 3 cold band and the corresponding hot band ν 3 + ν 4 . Most of theses lines are observed for the first time. They correspond to highly excited rotational states characterized by large α > 80 quantum number. The extension to the 6 th order allowed the calculated line positions to be improved for the assigned lines. However, we also observed some local perturbations involving high J-states for which a satisfactory fitting could not be achieved. These lines were excluded from the global fit procedure to maintain the stability of the global model at this stage. A new investigation of the Octad and the Tetradecad is required in the near future. 
Results and discussion
Insert Figure 5 The Pentad polyad system is composed of 9 vibrational sub-states namely
In this polyad, the bright state is the ν 3 vibrational state with a symmetry F 2 . The interaction scheme between the Pentad sub-states is illustrated in Figure 5 , up to the order 2 of the effective Hamiltonian development. The rotational dependence of the Pentad couplings is also highlighted using the order in (J α ) at the top of Figure 5 . At the zero order, only two pure vibrational terms are present : the ν k ←→ ν k with (k=1 or 3) corresponding to the band centers of the infrared ν 3 band around 3018.529 cm
and Raman ν 1 band around 2932.369 cm −1 , respectively.
As shown in Figure 5 , the other vibrational states are involved progressively in the interaction scheme by including the interactions with states characterized by the symmetries A 1 and F 2 at the first order, and A 2 , E and F 1 symmetries at the second order of the development. The first rotational dependence in (J α ) is observed at the first order, which involves the ν 3 ←→ ν 3 diagonal term. Considering the order of magnitude of the coupling terms, it can be shown that the most important interactions are of the first order, which couple directly the ν 1 state with 2ν 2 and 2ν 4 states (Fermi-type interactions), followed by the interaction between ν 3 and 2ν 4 vibrational states. Thus, including the ν 1 Raman data is essential to determine directly the first order coupling terms [66] , while the infrared data from the ν 3 C-H stretching band will contribute indirectly to the determination of these important couplings.
At the second order, the coupling mechanism becomes more complicated and one can see that the ν 3 vibrational state plays an important role, in particular in the case of small and local interactions. The couplings involving ν 3 in Figure 5 are highlighted using red arrows. The order of magnitude of such interactions is small compared to the other couplings. Furthermore, the rotational dependence of these couplings is such as 1 ≤ Ω ≤ 2, while most other couplings have no rotational dependency. Therefore, even if these interactions are small at low J values, they are significant at high J values. Such local perturbations are illustrated in the reduced energy plot (see Figure 1 ) and can be observed in Figure 9 for high J states.
Coriolis interactions are also relevant in the Pentad system. Taking advantage of our previous analysis in the Dyad, the ζ 2,4 Coriolis type interaction, which occurs also in the Pentad between 2ν 2 , ν 2 + ν 4 and 2ν 4 , is well determined. Furthermore, the high order Coriolis type interaction, which couples directly the ν 1 state to the ν 2 + ν 4 state, is also taken into account. So, both direct and indirect interactions are required for achieving a consistent global fitting. However, only limited data up to J = 17 from the Raman active states are accessible compared to the infrared data which now reach J = 30-levels. Thus, to deal with the high J levels we expanded the Pentad effective parameters to the 6 th order compared to the previous analyses.
The global model resulting from our previous analysis of the Dyad emission spectrum [35] was considered as a starting model in this study. We firstly considered 1309 transitions from the cold band (P 2 -P 0 ). The parameters of the Pentad system developed up to the 6 th order were fitted to the new observed data, while the other parameters were fixed to their initial values. This allowed updating the Pentad system parameters. We then used this model to fit progressively the observed data of hot bands. The effective parameters of the Octad and Tetradecad systems were thus fitted to the new transitions. Finally, 39614 transitions including 6067 newly assigned lines were fitted using 1306 effective parameters up to the Tetradecad.
The non-linear least-squares fit minimized the standard deviation:
where N is the total number of line positions, ν Fit residuals (Obs.-Calc.) for line positions corresponding to different bands are illustrated in Figure 6 and 7. For instance, in the cold band (Pentad-GS), 95 % of line positions are re-produced within the spectral resolution ±8 × 10 −3 cm −1 while 5% of the lines are reproduced within better than ±15 × 10 −3 cm −1 on average. This latter value results from overlapped lines, excited rotational states (at the end of the R and P branches) and some local perturbations. The percentage decreases slightly in the case of hot bands according to the increase of the degree of overlap. In the case of the two hot bands (P 3 -P 1 ) and (P 4 -P 2 ), 72% and 50% respectively of observed lines are reproduced within ±8 × 10 −3 cm −1 . The obtained standard deviations are respectively σ P entad−GS = 4.18 for the cold band, σ Octad−Dyad = 2.48 for the first hot band and σ T etradecad−P entad = 1.43 for the second hot band. The resulting global dimensionless standard deviation of the fit is equal to σ = 2.69.
We should stress here that the emission transitions assigned in the Dyad [35] and the Pentad region are less precise and exceed by far the number of absorption data assigned previously in [32] . Because of the rotational degeneracy in methane, which increases rapidly with J (see Figure 1) , an observed line is the result of a mixture of several predicted transitions close to each other. For instance, about 50 % of observed lines in the cold band (P 2 − P 0 ) are a mixture of two or several predicted transitions of the same band (i.e. without considering hot bands). These blendings also contribute to increasing the residuals.
Insert Figure 6 and Figure 7 .
As described in section 3.2, the effective dipole moment parameters were updated using the resulting global model of line positions together with intensity data observed at 296 K and published in refs [60, 30, 32] . Table 4 summarizes the number of fitted lines for each band as well as the fit statistics. The root mean square deviation d RM S is defined as :
where N is the number of observed data and the I obs and I calc are the experimental and calculated intensities at 296 K, respectively. Figure 8 displays the intensity fit results for the Pentad-GS cold band system, which is the subject of the present work. Fit results of the other bands are given as a supplementary material.
Insert Table 4 and Figure 8 . Figure 9 compares the observed spectrum at 1404 K with the spectrum calculated using the effective Hamiltonian resulted from this work. The emission line intensities are relative, calculated using optimal conditions, and include the self-absorption effect to be comparable with the observed spectrum. In order to highlight the contribution of the hot bands, we calculated each band separately. They are illustrated using different colors in the bottom of each sub-figure. For instance, the blue curve is used for the (P 2 − P 0 ), the green color is used for the (P 3 − P 1 ) and the cyan is used for the (P 4 − P 2 ) bands. The total contribution of the 3 bands is illustrated using the grey color.
It is shown in Figure 9 that the cold band is dominating the spectrum opacity. Indeed, most of these transitions involve the ν 3 vibrational state which is the only bright state of the Pentad system. According to the order of magnitude of the coupling terms involving ν 3 (see Figure 5) , a very small intensity borrowing to the other components is occurring. The contribution of the hot bands is also relevant in particular in the case of the Q branch (upper right sub-figure in Figure 9 ). The status of the current improvement is highlighted for the low (left) and the high (right) J range in the four lower sub-figures. At low J values, the Q, P and R branches are well reproduced even for the cold and hot bands. At high J values, most of the transitions are well reproduced while a few lines shows discrepancies typically smaller than 0.03 cm −1 . This can be due to the Coriolis interaction connecting the ν 1 to the ν 2 + ν 4 vibrational states. Since the Raman transitions included in our database are limited rotationally to J =17, this interaction is only indirectly determined from the ν 3 transitions. Figure 9 also compares our calculated spectrum with the spectrum calculated using the Theoretical Reims-Tomsk Spectral data "TheoReTS" database based on the ab initio potential energy surface of methane [67] . As can be observed, the agreement for the line positions at low J values is quite good, in particular in the case of the Q branch. However, at high J values, large shifts (0.2 cm −1 ) are observed in the case of TheoReTS line-list. Insert Figure 9 .
Low resolution 1 cm −1 infrared cross-sections of methane at 296 K are calculated and illustrated in Figure 10 . In this figure, we give a global view of the current improvements for the six polyads involved in this analysis up to the Tetradecad (i.e. 6500 cm −1 ). Three different databases are compared: MeCaSDa (red) [39] , ExoMol (green) [68] and TheoReTS (blue) [67] .
There is an overall good agreement with the ExoMol database cross-sections and quite larger differences with TheoReTS. But it should be emphasized that these two databases result from pure ab initio calculations, with no adjustable parameters, while our calculation result from the fit of experimental assigned lines. Thus, although our calculation may be less complete, it has a better accuracy, especially on line positions, for the transitions included in our global fit. It should also be mentioned that, to build Figure 10 , we used the online 500 K TheoReTS line list, which has an intensity cutoff for low intensity line, leading to some "holes" in the cross-sections. The full TheoReTS database contains many more low-intensity lines.
Insert Figure 10 .
Conclusion
In this work, we presented a new analysis of the ν 3 C-H stretching region of 12 CH 4 , relying on high temperature emission spectra recorded in Rennes between 620 and 1715 K. This work updates our previous global analysis achieved in the Dyad spectral region of methane (∆n = ± 1) [35] . Thanks to the high temperature emission spectra of the Pentad system (∆n= ± 2), 6067 assignments of vibration-rotation line positions have been successfully achieved. In particular, the newly assigned lines extended the cold band rotationally up to J =30. Furthermore, two related hot bands have been observed, namely the Octad−Dyad and the Tetradecad−Pentad respectively, up to J = 27 and 20. Observed vibration-rotation lines were included in our analysis and fitted together with the existing lines using 1306 parameters with a dimensionless standard deviation of σ =2. 64 . The global effective model is extended in the case of the Pentad system to the 6 th order compared to the 5 th order in the previous work to deal with the new observations. Local perturbations were also identified at high-J values revealing the important role of the ν 1 Raman band in the Pentad system. Indeed, such problems are probably due to the Coriolis effect connecting the ν 1 state to the ν 2 + ν 4 states. The effective transition dipole moment parameters were also updated. The resulting MeCaSDa database of methane is available through its web page [40] and the VAMDC portal [41, 42] . In the near future, it will also be used to update the HITRAN [44] and GEISA [69] spectroscopic databases. 
Supplementary Material
• Supplementary Material (I) : Hamiltonian effective parameters for methane 12 CH 4 up to the Tetradecad.
• Supplementary Material (II) : Assigned vibration-rotation transitions in the Pentad region of methane 12 CH 4 .
• Supplementary Material (III) : Fit residuals for line intensities of methane 12 CH 4 . Figure 2: High-temperature (from 620 to 1715 K) high-resolution emission spectra of methane in the Pentad region. The 1-0 CO emission band is used to measure the rotational temperature. The emission continuum is produced by the graphite walls of the high enthalpy source. An intensity scaling factor of 0.7 was applied in the case of the emission spectrum at 1404 K. 
Figure 3: Zoom in on a small portion of the R branch between 3146-3158 cm −1 of the high temperature emission spectra of methane. The baseline observed in each spectrum (see Figure 2 ) was removed and the spectra are shifted vertically for clarity. Comparison between the observed spectrum of 12 CH 4 at 1404 K (red) and the calculated spectrum (grey) in the spectral region 2600-3300 cm −1 . The contribution of the cold band (blue) and related hot-bands (green and cyan) are highlighted separately in the bottom of each sub-figure. Also a comparison with the TheoReTS calculated database (brown curve) is given for both low and high J transitions in the bottom of each sub-figure.
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